Characterization of ball-milled bismuth vanadate and transition metal oxide nanoparticles by Pang, Bo
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Boston University Theses & Dissertations
2019
Characterization of ball-milled
bismuth vanadate and transition
metal oxide nanoparticles
https://hdl.handle.net/2144/34925
Boston University
BOSTON UNIVERSITY 
 
COLLEGE OF ENGINEERING 
 
 
 
 
 
Thesis 
 
 
 
 
 
CHARACTERIZATION OF BALL-MILLED BISMUTH VANADATE 
 
AND TRANSITION METAL OXIDE NANOPARTICLES 
 
 
 
 
by 
 
 
 
 
BO PANG 
 
B.A., Purdue University, 2017 
 
 
 
 
 
 
 
Submitted in partial fulfillment of the 
 
requirements for the degree of 
 
Master of Science 
 
2019  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© 2019 by 
 BO PANG 
 All rights reserved  
Approved by 
 
 
 
 
First Reader   
 Kevin E. Smith, Ph.D. 
 Professor of Physics 
 Professor of Chemistry 
 Professor of Materials Science and Engineering 
 
 
 
 
 
Second Reader   
 Linda Helen Doerrer, Ph.D. 
 Associate Professor of Chemistry 
 
 
		 iv 
DEDICATION 
 
I would like to dedicate this work to my parents, my brother and my advisors 
 
  
		 v 
ACKNOWLEDGMENTS 	
I want to thank my supervisors Prof. Kevin Smith and Prof. Linda Doerrer for their kind 
support and guidance during my time at Boston University. Prof. Doerrer was very 
helpful in providing the lab facilities and discussion. I appreciate my team members for 
guiding me through the thesis. Emma Anquillare has been very helpful with all my 
laboratory activities. I want to thank Connor Gallacher for providing great sample 
solution to support my characterization. I would appreciate all my colleagues for keeping 
helping me to improve my work and offering valuable suggestions. While I am doing 
TEM analysis, I am glad to communicate with Dr. Alexey who provided many supports 
for me to perform better characterization results. I am grateful for this opportunity for 
working in this field. 
  
		 vi 
CHARACTERIZATION OF BALL-MILLED BISMUTH VANADATE 
AND TRANSITION METAL OXIDE NANOPARTICLES 
BO PANG 
ABSTRACT 
 Photoelectrochemical (PEC) water splitting has been widely accepted as a 
favorable approach for hydrogen production using solar energy. Bismuth vanadate, or 
BiVO4, is considered an efficient and stable photoelectrode material. Most importantly, 
the appropriate band gap (~2.4eV) allows BiVO4 to absorb a substantial portion of the 
incident solar spectrum including visible light. The particle properties play a critical role 
in the efficiency of H2 production. VO2 has drawn extensive attention in the 
optoelectronic field because the electrical conductivity of VO2 can change by several 
orders of magnitude by going through a metal-insulator-transition (MIT) temperature. 
Therefore, structural characterization and nanoparticle analysis are essential for both 
materials’ preparation and applications in the future. The BiVO4 and VO2 sample 
solutions are prepared by milling sample powder with ricinoleic acid for 3 hours and 
adding in a water-toluene mixture. These samples were then characterized by 
Transmission Electron Microscope (TEM), Selected Area Electron Diffraction (SAED) 
and Energy Dispersive Spectrometry (EDS). The results of TEM reveal that the size and 
shape of the nanoparticles could be controlled by the synthesis parameters such as 
suspension period and concentration of the vanadium solution. Concurrently, the positive 
identification of the chemical elements and the interpretation of the EDS data also reveal 
		 vii 
only Bi, V and O elements in the samples. The preparation of nanoparticles by ball 
milling may lead more broadly to novel properties from known materials.  
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CHAPTER ONE 
INTRODUCTION 
 With the increasing pressure of environmental issues, such as climate change, water 
pollution, and public health, etc., most energy resources have some impacts on our 
environment. Fossil fuel — the significant energy resources generation — do the most 
harm. It is highly desirable to discover more environment-friendly and efficient energy 
resources to remit the harm to the environment and to human beings. In recent decades, 
more and more renewable energy resources, such as wind power, and geothermal power 
have been rapidly developed.   
  
1.1 Project motivation 
1.1.1 Renewable energy and potential development of photoanode 
Hydrogen has great potential as an efficient and renewable energy resource. 
Photoelectrochemical (PEC) water-splitting is considered as one of the most stable and 
environmentally friendly techniques for hydrogen production by converting incident solar 
energy directly to chemical energy in the form of hydrogen efficiently (Figure 1.1)1. BiVO4 
is an attractive photoelectric material for light absorption due to its unique properties. 
Firstly, BiVO4 has a relatively small band gap (~2.4eV), allowing BiVO4 to absorb a 
substantial portion of the incident solar spectrum including visible light which contains the 
majority of solar energy 2. Secondly, many experimental studies have described the 
dependence of photocatalyst activity on its particle size3.  The motivation for this project 
is based on the need of variation of particle size of BiVO4, especially decreasing, because 
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smaller average nanoparticle sizes could expand the total surface area which makes BiVO4 
more accessible for water reduction and proton oxidation, further increasing the light 
absorption efficiency. The motivation of the project is to identify how the geometric factor 
could be controlled by adjusting synthesized parameters. (e.g., ball-milling period, the 
concentration of BiVO4 solution) 
 
1.12     A revolutionary material for future electronics 
Metal-insulator transition (MIT) temperature, where physical properties of 
materials change dramatically from the insulator to conductor or reversibly, has 
successfully described how physical changed depended on temperature. One essential 
characteristic of VO2 is that it behaves like an insulator at room temperature but as a 
metallic conductor when the temperature is higher than 400K (68°C). To understand the 
driving force of the unique property of VO2, it is indispensable to clarify how the geometric 
structure of VO2 affects its MIT.  
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CHAPTER TWO 
THE EXPERIMENTAL TECHNIQUES AND METHODS 
 
2.1  Introduction 
  To understand the geometrical structure of BiVO4 and VO2, synthesis of multiple 
experimental techniques should be taken. The ball-milled method, the primary procedure 
for samples preparation and essential technology for the thinner particle, could not only 
contribute to even distribution of sample particles but also reduce particle size by highly 
vibrational milling (15/s) (Figure 2.1). To investigate Nano geometrical structure and 
properties of BiVO4 and VO2, Transmission Electron Microscope (TEM) performs unique 
advantages compared to another microscope (Table 1). For example, relatively boarder 
electron beam allows TEM collect more particle data and much higher magnification 
compared to other electron microscopes can be used to study few nanometers samples 
structure. Moreover, rea Electron Diffraction (SAED) and Energy Dispersive X-ray 
Spectrometry are highly efficient on the characterization of crystal structure and 
identification of chemical composites.  
 
2.2 Sample and Sample Preparation 
2.21    Preparation of Ball-milled BiVO4 and VO2 sample  
           BiVO4 powder (0.07g) was milled with a portion of ricinoleic acid (C18H34O3)(70µl) 
and ten small metal balls (each weight ~1g) in the Mechanochemical Mill for three hours 
at a rate of 15/s. Liquid-liquid extraction was then performed with measured 5ml deionized 
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water and toluene to isolate the nanoparticles in the toluene layer. After 15mins 
handshaking, BiVO4 particle can partially be dissolved into toluene layer which was later 
extracted for further analysis (Figure 2.2). For comparison, two groups of BiVO4 sample 
were prepared with a different ball-mill period (2.5 and 3.5 hours) and another two groups 
with concentration difference, dilute and concentrated separately.  
 
2.22   Sample Cleaning Methods 
           The typical sample for TEM analysis is strictly required. An extremely thin and 
clean Cu grid, which sample solution was then dropped on, was used to carry the sample 
particle into TEM machine. There are many unexpected residues and impurities involving 
during the processes; therefore, precisely clean method is highly desired. DI water, IPA, 
Ethanol, and Methanol liquid were prepared in the different vial for cleaning. The sample, 
directly held by tweezer, was gently washed in prepared liquids for the 30s. In Figure 2.3, 
the cleaning process is illustrated in a flow chart. Repeated cleaning can help with the 
purity of the prepared sample. Once the sample was cleaned, it can be dried in an oven at 
30°C for 15mins.   
 
2.3 Experimental Procedures 
2.31   Transmission Electron Microscope (TEM) 
      One of the major themes in this project is the use of High-Resolution Transmission 
Electron Microscope (HRTEM) on particle size measurement and crystal structure analysis. 
HRTEM was performed using an FEI Tecnai Osiris transmission electron microscope 
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operating at 200kv which allows electrons (l~0.0025nm) to be able to transmit through 
samples and provide sufficient signals. Bright Field transmission electron microscope (BF-
TEM) shows a great contrast between darker and brighter regions which represent that 
fewer electrons are transmitted and more electrons are transmitted respectively (Figure 2.4).  
 
2.32   SAED (Selected Area Electron Diffraction) 
          Electrons are like X-ray scattered by atoms, allowing to block parts of the incident 
electron to examine particles in a selected area. Intensity difference appearing in the TEM 
images determines the amount and angulation distribution of electron scattering in a nano-
crystalline material, as well as the orientation of planes relative to the beam by using 
Bragg’s Law equation ○1 : nλ = 2dsinθ 
Here, l represents the wavelength of the electron in the TEM which is approximately 
0.0025nm in our project and d is the spacing between atomic planes, measured by using 
Transmission Electron Intensity Diagram or calculated from over Bragg’s equation ○2  at a 
very small angle: d = λ ∗ L/R 
where L is the camera length which is 220mm and R represents the radius of the diffraction 
pattern. [5] 
  
2.33   EDS (Energy Dispersive X-ray Spectrometry) 
Using X-ray spectrum, similar to XRD, emitted by a solid sample bombarded with a 
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focused beam of electrons to obtain a localized chemical analysis, Energy dispersive X-ray 
spectrometry (EDS) has shown its great ability on analyzing identification of chemical 
elements across the periodic table, relatively simple interpretation and purity of the 
prepared sample.  
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CHAPTER THREE 
RESULTS AND DISCUSSION 
 
3.1 Particle Size Measurement 
3.11    BiVO4 particle size depending on ball-mill period  
           The BiVO4 particle size distribution was statistically analyzed. For comparison, two 
different samples were prepared with the different ball-mill periods (2.5 h and 3.5 h). 
Fig.3.1 and Fig.3.2 show the particle size distributions of the samples prepared by 2.5 h 
and 3.5 h ball-milling respectively. Based on the results, it is clear that the sample with 
2.5h ball-milled obtained three times larger particle size compared to the samples prepared 
by 3.5 h ball-milling. However, the sample prepared by 3.5 h milling showed much more 
uniform size distribution.  
 
3.12    BiVO4 particle size depending on concentration of solution 
           Figure 3.3 illustrates the sample size distribution of dilute BiVO4 which shows large 
average particle size as ~18.8nm and greater standard deviation, whereas Figure 3.4 reveals 
much smaller average particle size as ~8.6nm and relatively smaller standard deviation in 
a concentrated BiVO4 sample. The figures demonstrate that a change in solution 
concentration significantly affected the BiVO4 nanoparticles. Compared to the dilute 
sample, results from higher solution concentration sample presented a smaller particle size 
and lower standard deviation. The range of the particle size distribution in the more 
concentrated sample was smaller compared to dilute sample, thus representing a more 
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uniform distribution of particle sizes.  
 
3.13    VO2 particle size depending on concentration of solution 
           The particle size distribution of dilute and concentrated VO2 samples as shown in 
Figure 3.5 and Figure 3.6, respectively. A slightly increase in the average particle size and 
standard deviation with higher VO2 solution concentration were observed. The largest 
particle size of dilute VO2 sample was found around 26nm which was relatively smaller 
than the detected particle in the concentrated sample which was 34.79nm.  
 
3.14    Conclusion 
The extended period of ball-milling from 2.5h to 3.5h reduced the BiVO4 
nanoparticle from 24nm to 8.5nm on average. However, the effect of concentration became 
was more diverse for both BiVO4 and VO2. With respect to BiVO4,  was reduced when the 
concentration of prepared solution increased; on the other hand, VO2 the particle size 
distribution was reduced when the concentration of initial solution during preparation was 
increased. The VO2 prepared using a higher concentration showed relatively larger particle 
sizes and standard deviation.  
 
3.2 Crystal Structure Analysis 
3.21   Polynanocrystalline of BiVO4 and single crystal of VO2 
          In recent decades, Selected Area Electron Diffraction (SAED) was widely used to 
describe the origin of different reflection distribution and types of structure for individual 
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microcrystals. BiVO4 processes the monoclinic scheelite structure, composed of edge-
sharing BiO8 (Bi3+) dodecahedra in contact with VO4 (V5+) tetrahedra by an apex oxygen 
atom [6]. The crystals structure of the monoclinic space group is shown in Fig. 3.7. A TEM 
image of the synthesized BiVO4 nanoparticles (Figure 3.8) demonstrates how the particles 
cluster to form a larger group. Upon closer investigation (Figure 3.9) shows a hexagon 
shape crystal surface with a particle size of ~8.8nm and periodicity of transmitted electron 
intensity. To investigate the crystal structure of BiVO4 and VO2 more closely, diffraction 
patterns were collected using SAED in the dark field, Fig. 3.9 and Fig. 3.10. The center 
spot in two diffraction patterns was cover by a beam stop in order to protect the samples 
from beam damage. For BiVO4, a group of small light spots making up a ring that circled 
the beam center revealed a polynanocrystalline structure for the as-prepared sample [7]. 
Three pairs of bright light spots on the first ring from the beam center, representing the 
point-mirror image of one another, observed on the diffraction pattern of VO2, consistent 
with a single crystal of the VO2 sample. Furthermore, the index of the plane under 
observation could be easily calculated through equation ○2 . For example, the value of d 
was given by 2.2 from the equation which corresponded to the plane (121) in the database 
of BiVO4 crystal structure at room temperature (Figure 3.12).  
 
3.3 Identification of Chemical Component 
      Energy Dispersive X-ray Spectrometry is a powerful tool for elemental analysis in 
TEM. This technique uses the X-ray spectrum emitted by a solid sample (bombarded with 
a focused beam of electrons) to generate spectra of intensity versus energy (keV) which 
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gives identification of the chemical elements and the interpretation of the spectra. In this 
project, EDS mapping techniques performed the compositional analysis of BiVO4 and VO2,  
which was critical evidence to show the multicomponent nanostructure and their high 
purity. Figure 3.13 and Figure 3.14 illustrated the chemical components of prepared BiVO4 
and VO2 sample respectively. Results from EDS mapping revealed almost only Bi, V, and 
O appearing in our samples.   
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CHAPTER FOUR 
4.1 Conclusions 
      In summary, this dissertation provided an overview of the photoelectrochemical cell, a 
novel ball-milled sample preparation technique, and an overview of electron microscopy 
as an analytical tool. The background, problems and related methods of electron 
microscope characterization are also explained in detail explained. Different case studies 
have been demonstrated and analyzed. The unique features of the objectives are discussed 
and investigated using multiple techniques.  
     With the development of procedures for controlling the particle size of BiVO4, one may 
be able to manipulate the light absorption efficiency of BiVO4 in order to continue its 
development as one of the most stable and cheapest photoanode. Variation of solution 
concentrations during sample preparation, which have been studied here in details. The 
results of the BiVO4 particle sizes analysis reveal that extended period of ball-milling (2.5 
h and 3.5 h) can decreases average particle size from approximately 24nm to 8nm; 
moreover, dilute BiVO4 samples show a larger particle size on average compared to the 
concentrated samples which are 18.8nm and 8.7nm respectively. This preparation 
technique could also lead to a dramatic change in the physical properties of both BiVO4 
and other vanadate’s, such as VO2. Transmission Electron Microscopy, a comprehensive 
and powerful tool for analyzing nanoparticles, has been thoroughly discussed in this 
dissertation. Furthermore, by measuring the diameter of SAED diffraction pattern, we 
could easily understand the plane index and crystal orientation. 
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4.2 Future expectation 
      Based on the results from this dissertation, the ball-milled technique for nanoparticle 
preparation performs remarkably and shows excellent potential. In the future, the ball-
milled method may inspire the novel properties from those known materials. We have 
developed two procedures to control the size of BiVO4 and VO2 nanoparticle, and it is 
necessary to do some test on light absorption efficiency to determine how particle size 
affects the energy generation, quantitatively. Finally, there were few unexpected elements 
detected by EDS mapping, so to investigate those impurities and improve the purity of the 
sample would be an essential process. 
 
Overall, this dissertation provides a series of detailed information about using electron 
microscope on characterization to study geometrical properties of nanomaterials and 
ultimately develop desirable physical and chemical properties for the further application.   
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Table 1: comparison between TEM and SEM reveals several advantages of TEM on 
nanoparticle size measurement 	
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Figure 1.1: The Spectral distribution of the solar radiation along with wavelength 
labeled UV, visible light and IR specifically. 
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Figure 2.1: the image of Retsch MM 400 Shaker Mechanochemical Mill milling the 
sample at rate of 15/s. 		  
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Figure 2.2: left vail contains the water layer with undissolved BiVO4 powder and right 
vail contains toluene solution with fairly dissolved BiVO4 sample.  
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Figure 2.3: the flow chart of sample cleaning process  	 	
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Figure 2.4: darker regions represent that there are fewer electrons transmitted and brighter 
areas represent that there are more transmitted electrons detected 	 	
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Figure 3.1: particle size distribution of 2.5h ball-milled sample including number of 
particles, average particle size, standard deviation of distribution and particle size 
histogram 
  
		
20 
 
 
 
 
 
 
 
 
 
Figure 3.2: particle size distribution of 3.5h ball-milled sample including number of 
particles, average particle size, standard deviation of distribution and particle size 
histogram 
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Figure 3.3: particle size distribution of dilute BiVO4 sample including number of particles, 
average particle size, standard deviation of distribution and particle size histogram 
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Figure 3.4: particle size distribution of concentrated BiVO4 sample including number of 
particles, average particle size, standard deviation of distribution and particle size 
histogram 
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Figure 3.5: particle size distribution of dilute VO2 sample including number of particles, 
average particle size, standard deviation of distribution and particle size histogram 
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Figure 3.6: particle size distribution of concentrated VO2 sample including number of 
particles, average particle size, standard deviation of distribution and particle size 
histogram 
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Figure 3.7: the crystal structure of scheelite structure with monoclinic system 
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Figure 3.8: TEM image of two groups of BiVO4 nanoparticles stacking together 
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Figure 3.9: hexagon shape crystal surface with periodicity of transmitted electron intensity 
distribution and particle size of 8.82nm  
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Figure 3.10: experimental diffraction pattern of BiVO4 was collected with the camera 
length of 220mm, indicating polynanocrystalline structure. 
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Figure 3.11: experimental diffraction pattern of VO2 was collected with the camera length 
of 220mm, indicating single crystal structure 
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Figure 3.12: SAED image of BiVO4 nanoparticle indicating the plane (121) based on 
Bragg’s equation at very small angle. 
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Figure 3.13: partial EDS image reveals only Bi, V and O elements appearing in samples 
where Fe and Si comes from inside of TEM machine and Cu comes from grid background. 
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Figure 3.14: EDS image of VO2 sample reveals that V and O are majority chemical 
components of the sample, but there are some unexpected Ca and Na which need to be 
further studied 
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